When exposed to a pathogen, a naive CD4 + T cell is forced to make a cell fate decision that leads to a polarized population of Th1 IFN-g-or Th2 IL-4-producing cells. Although IL-4 has traditionally been considered a factor that promotes Th2 cell differentiation, recent evidence has demonstrated that the site and timing of IL-4 expression in an immune response determines its ultimate effects on CD4 + T cell fate. Using a mast cell (MC) reconstitution model, we demonstrate that MC-derived IL-4 promoted Th1 responses in vivo. Furthermore, MCs from genetically disparate mouse strains varied in their potential for IL-4 expression. Independent of the activation mode, MCs from Th1-prone C57BL/6 mice exhibited a more robust Il4 response than did the Th2-prone strain Balb/c. The hierarchy of IL-4 expression potential was directly associated with the degree of basal chromatin accessibility at cis-regulatory elements conserved noncoding sequence-1 and V A enhancer within the Th2 locus. GATA1/2 and Ikaros, factors with opposing roles in chromatin remodeling, acted at these sites. We propose that GATA and Ikaros proteins coordinately fine-tune accessibility at the Il4 locus during development to variably regulate IL-4 expression. These events likely contribute to the genetically determined heterogeneity in Th1 responses that underlie susceptibility to many diseases.
Introduction
IL-4 is a multifunctional cytokine that regulates both innate and adaptive immunity (1) . Cells of several lineages produce IL-4, including CD4 and CD8 T cells, NKT cells, eosinophils, mast cells (MCs), and basophils. It is likely that expression by each cell type contributes to distinct as well as overlapping physiologic responses. IL-4 is perhaps best known for its role in promoting Th2 cell differentiation and limiting Th1 responses; however, recent evidence shows that IL-4 can also direct Th1 responses (2) . IL-4 can act on a wide variety of other target cells including B cells, macrophages, DCs, and MCs as well as nonimmune cells such as epithelial cells and goblet cells (3) (4) (5) (6) . This broad range of effects necessitates strict controls on the expression of this cytokine. Inappropriate expression is associated with allergic disease, autoimmunity, and failure to clear certain infections (7) .
Most information regarding mechanisms of IL-4 gene (Il4) regulation comes from studies in Th cells and MCs. In addition to acute signals that elicit active Il4 transcription in both cell types, a crucial determinant of IL-4 expression is locus accessibility acquired during development (8) . Il4 is closely linked to the genes encoding IL-5 (Il5) and IL-13 (Il13). These genes are clustered within an approximately 200-kb region, termed the Th2 locus, on chromosome 11 in mice and chromosome 5 in humans. During Th cell differentiation, the Th2 locus undergoes a series of chromatin modifications that confer the relative potential for transcription from Il4 (8) . DNAse I hypersensitive site (HS) analyses and crossspecies sequence comparisons have allowed the identification of a number of cis-regulatory elements implicated in controlling Il4 expression. Included among these are regions between Il13 and Il4 (conserved noncoding sequence-1 ), within the Il4 promoter (HS I) and second intron (intronic enhancer [IE] ), and distal to Il4 (HS IV, V, and V A ) (9) (10) (11) (12) (13) . In addition, a locus control region is located upstream of Il13 at the 3′ end of Rad50 (14) . The histones associated with these sites become hyperacetylated in developing Th2 cells, correlating with the potential to express IL-4, whereas the Th2 locus is hypoacetylated and relegated to pericentromeric heterochromatin in Th1 cells (15) (16) (17) . Resting bone marrow-derived MCs (BMMCs) express most of the same HS sites as Th2 cells within the Il4 locus. Although most currently defined sites have enhancing activity, Rao and colleagues have defined HS IV as a conserved silencer of Il4 in both T cells and MCs (9) .
The Il4 regulation paradigm is based primarily on results of experiments utilizing T cells and MCs from only 2 common strains of mice: C57BL/6 (B6) and Balb/c. These strains have been useful in studying genetically based disease susceptibility due to their disparate immune responses to some antigens, events perhaps most clearly manifested in Leishmania major infection (18) . B6 mice clear the infection due to a Th1-dominated response, whereas Balb/c mice fail to clear the parasite despite a strong but nonprotective Th2-skewed response. Most studies have focused on possible intrinsic differences in the response of B6- versus Balb/c-derived T cells, such as instability in expression of the IL-12 receptor b2 subunit in Balb/c T cells (19) . We considered the possibility that strain-specific differences in bystander cell cytokine expression exist that modulate the Th1/Th2 balance. A genetically determined difference in the kinetics or level of IL-4 expression by MCs, for example, could directly alter the character of the T cell response or act indirectly through effects on DC maturation. In this report, we demonstrate that MC IL-4 was critical to the generation of myelin-specific Th1 cells and contributed to severe EAE, a murine model of MS. Furthermore, we show that there were strain-specific differences in murine MC Il4 expression potential that may influence the heterogeneity of Th1 versus Th2 responses. Variability in the expression of Il4 occurred irrespective of the mode of activation and correlated with distinct patterns of basal H3 and H4 histone acetylation at several sites within the Th2 locus, including CNS-1 and V A enhancer (V A E) elements. GATA1, GATA2, and Ikaros, DNA-binding proteins with established roles in chromatin remodeling, associated with CNS-1 and V A E in vivo. We provide direct evidence that Ikaros has a suppressive role in MC Il4 transcription, as Ikaros null MCs had elevated IL-4 mRNA expression and chromatin accessibility across the Th2 locus. Our data is consistent with a model whereby the interplay of GATA and Ikaros proteins determines the variable potential for MC Il4 expression, which subsequently exerts a direct effect on Th1/Th2 responses.
Results

MC-derived IL-4 influences EAE severity by enhancing encephalitogenicity of Th1 cells. We hypothesized that MCs, by virtue of their ability
to express cytokines that modulate T cell responses, have a role in adaptive immune responses (20) . Consistent with this idea are results of previous studies showing that MC-derived TNF-a regulates in vitro T cell reactivity (21) and that MCs are essential for optimal generation of encephalitogenic Th1 cells during EAE (22) . Although IL-4 is best known as a Th2-polarizing cytokine, IL-4 can also have distinct effects on Th1 responses (2, 23, 24 Figure 1A ), we assessed the specific effects of MC IL-4 on myelin oligodendrocyte glycoprotein peptide-induced (MOG 35-55 -induced) EAE. As previously reported, W/W v mice exhibited a significantly reduced overall mean clinical score compared with WT littermate controls (P < 0.01; Figure 1B ). Reconstitution of W/W v mice with MCs deficient in CD40 ligand (CD40L), a cell surface costimulatory molecule expressed on several cell types, restores disease to WT levels and served as a positive control in this experiment (25) . In contrast, mice reconstituted with IL-4 -/-MCs failed to display severe disease.
Development of EAE and MS is dependent upon trafficking of activated, myelin-specific T cells to the CNS. Consistent with reduced disease severity, reduced CNS infiltration of CD4 T cells was observed in W/W v and W/W v + IL-4 -/-mice compared with WT and W/W v + WT mice ( Figure 1C) . Furthermore, appreciably fewer T cells entering the CNS of W/W v and W/W v + IL-4 -/-mice were activated, as measured by high CD44 surface expression. Together, these results suggest that MC IL-4 promotes encephalitogenic Th1 responses. MOG -specific T cell responses were also evaluated in WT and reconstituted mice. As shown in Figure 1D , W/W v T cell responses were reduced relative to WT as previously reported (22) . While WT BMMCs restored the frequency of MOG -specific IFN-g-producing CD4 T cells, IL-4 -/-BMMCs did not (P < 0.01). Similar results were obtained in experiments using immunization with OVA 323-339 , a nonencephalitogenic peptide (data not shown).
MCs, but not Th2 cells, exhibit strain-specific differences in Il4 expression. The demonstration that MC IL-4 enhanced Th1 responses raised the possibility that the propensity for Th heterogeneity in various strains of mice might be due to intrinsic differences in the magnitude of MC IL-4 expression. For example, MCs from Th1-prone mice may have relatively higher IL-4 expression compared with a Th2-dominated strain. MCs from the B6 and Balb/c strains were chosen to examine potential strain-specific differences in MC Il4 expression due to their dichotomous responses to L. major infection (18) . The SJL strain was also examined as it has documented defects in T cell IL-4 expression and IgE production in vivo (26) . MCs were differentiated from bone marrow by culturing in the presence of SCF and IL-3. BMMCs from all 3 strains expressed comparable levels of c-kit and the high affinity IgE receptor (FceRI) after 6-8 weeks of culture ( Figure 2A ). Cells were activated by cross-linking of FceRI, and IL-4 mRNA levels were measured at various times after stimulation. As shown in Figure 2 , B and C, B6 BMMCs exhibited quick and relatively robust expression of Il4 compared with BMMCs from Balb/c or SJL mice (P < 0.05 at 1 and 2 hours). SJL BMMCs showed intermediate and more prolonged expression of Il4, whereas Balb/c MCs displayed a relatively weak expression profile, demonstrating the strain-specific variations in the duration and magnitude of the IL-4 response. The expression of other genes such as Il5, Il13, and Il6 also displayed notable variations between strains. For example, appreciable Il5 expression was observed only in SJL MCs.
To examine whether this difference was also evident in T cells, naive CD4 + T cells from the same strains were isolated, differentiated under Th2 skewing conditions, and analyzed for cytokine expression. Unlike BMMCs, Th2 cells cultured in vitro showed no significant strain-specific variation in expression of IL-4 mRNA after restimulation through the T cell receptor ( Figure 2D ).
B6-derived BMMCs express higher levels of IL-4 mRNA irrespective of activating agonist. The unique profiles of MC Il4 expression could
be intrinsic to FceRI signaling; alternatively, they may reflect more global differences in basal chromatin accessibility at the Il4 locus, leading to distinct expression potentials regardless of the mode of stimulation. To distinguish between these possibilities, the expression of IL-4 mRNA was compared after TLR-induced signaling. TLR2 and TLR4 mRNA expression was confirmed in cells derived from all 3 strains ( Figure 3A ). Cells were then stimulated with peptidoglycan (a TLR2 agonist), LPS (a TLR4 agonist), or heat-killed Mycobacterium tuberculosis, which can signal through both TLR2 and TLR4. B6-derived MCs expressed higher levels of IL-4 mRNA in response to all agonists compared with Balb/c MCs ( Figure 3 , B and C). This result was consistent with the idea that B6 MCs (IL-4 hi ) have a greater potential for IL-4 expression irrespective of the activating stimulus.
Il4 expression potential correlates with Th2 locus accessibility. Guo et al. demonstrated that the probability of a Th2 cell producing relatively high or low levels of IL-4 directly correlates with the degree of histone acetylation, a marker of chromatin accessibility, at the Th2 cytokine locus (27) . To examine whether strain-based differences in the ability of MCs to express IL-4 are reflected in distinct chromatin states that affect accessibility within the Il4 locus, histone acetylation was evaluated in resting MCs by chromatin immunoprecipitation (ChIP) using antibodies specific for acetylated histones H3 and H4. IP templates were analyzed by PCR using primers specific for previously defined regulatory elements within the Th2 locus ( Figure 4A ). Several differences were noted in histone H3 and H4 acetylation between strains (Figure 4 , B-D). Of particular interest is the consistent and striking difference in acetylation observed at CNS-1 and V A E in the IL-4 hi B6 and IL-4 int SJL strains relative to Balb/c. Both of these elements are necessary for
Figure 2
MCs exhibit strain-specific differences in Il4 expression after FceRI cross-linking. (A) Surface expression of FceRI and c-kit on BMMCs from B6, Balb/c, and SJL mice after 6-8 weeks of culture in IL-3 and SCF. The mean fluorescent intensity of both c-kit and FceRI is essentially equivalent in all strains. Iso, isotype. (B and C) Kinetics of BMMC cytokine mRNA expression after FceRI cross-linking. Ribonuclease protection assays were performed to measure cytokine transcripts from B6, Balb/c, and SJL MCs at resting state (0 hours) and at various times after stimulation by FceRI cross-linking. Ribonuclease protection assays were visualized by autoradiography after 16 hours (Il5, Il6, Il13, and Gapdh) or 5 days (Il4) and quantified by phosphorimaging (n = 2-4 per time point). mRNA levels were expressed relative to the housekeeping gene GAPDH and calculated as (cytokine intensity/ GAPDH intensity) × 100. *P < 0.05; **P < 0.01 (ANOVA followed by Bonferroni's multiple comparison test). (D) Freshly isolated naive CD4 + T cells from B6, Balb/c, and SJL mice were cultured under Th2 skewing conditions for 7 days and restimulated with plate-bound anti-TCRb. Il4 expression was measured and quantified as in C. Two independent experiments were performed. stim, stimulation.
a strong transcriptional response in T cells, and V A E is essential for optimal MC Il4 expression (11, 13, 28) . In addition, accessibility at both these sites is a key determinant in regulating the potential for high versus low IL-4 expression in T cells (27) . Thus the potential for MC Il4 expression correlated with a unique pattern of chromatin accessibility at several sites within the Th2 locus.
GATA and Ikaros family members associate with CNS-1 and the V A E in vivo. The mechanism regulating Il4 locus accessibility in MCs as well as T cells is poorly understood. Our finding that the acetylation state of cis-regulatory elements CNS-1 and V A E is commensurate with Il4 expression potential warranted a further investigation into the factors regulating these sites in MCs. No base pair polymorphisms were detected within these elements, indicating that strain-specific differences in Il4 transcription are not due to alterations in transactivating factor binding sites within CNS-1 or V A E. A number of putative GATA and Ikaros binding sites are present within both CNS-1 and V A E ( Figure 5A ). As shown by ChIP analysis in Figure 5B , GATA1, GATA2, and Ikaros were found to associate with the CNS-1 and V A E elements. Binding to V A E was generally more variable compared with CNS-1. The demonstration that GATA and Ikaros associated with these sites in nonstimulated MCs suggests that they are involved in regulating the Th2 locus.
Ikaros regulates IL-4 expression in MCs. We have previously shown that GATA1 and GATA2, like GATA3 in Th2 cells, are positive regulators of Il4 expression in MCs. Association of these factors with the IE is critical for intron acetylation and subsequent transcription (29) (30) (31) . In contrast to the sole positive actions of GATA family members, Ikaros can act as either an activator or a suppressor of transcription, activating expression of CD8a in T cells and suppressing λ5 expression in B cells (32, 33) . To investigate the effect of Ikaros on Il4 expression, BMMCs were derived from (B6 × 129) F1 mice containing a targeted deletion of Ikaros (Ikaros null ) and their wild-type littermates (Ikaros +/+ ) using standard differentiation culture conditions. RT-PCR assays revealed that Ikaros +/+ MCs expressed a variety of Ikaros isoforms and confirmed the absence of Ikaros expression in Ikaros null MCs ( Figure 6A ). Like Ikaros +/+ , Ikaros null MCs were c-kit hi and FceRI + and contained the characteristic metachromatic granules ( Figure 6B and data not shown), indicating that there were no defects in the ability to generate MCs from bone marrow. Although basal expression of FceRI was consistently lower in Ikaros null cells, treatment with monomeric IgE resulted in identical increases in receptor expression, confirming that downstream FceRI-signaling pathways were intact ( Figure 6B ) (34) . Ikaros null BMMCs demonstrated elevated and more prolonged expression of Il4 in response to FceRI cross-linking compared with Ikaros +/+ MCs ( Figure 6, C and D) . To corroborate these findings at the protein level, activation-induced IL-4 secretion was measured in both groups ( Figure 6E ). IL-4 was detected in supernatants from Ikaros null BMMCs 22 hours after FceRI cross-linking and TLR2-mediated stimulation, but not in Ikaros +/+ BMMCs. TNF-a secretion was measured as a positive control for activation in both groups. While Ikaros null BMMC expressed lower levels of IL-5 mRNA, expression of Il13, as well as Il6 (a cytokine gene encoded outside of the Th2 locus), was not appreciably affected. Transcription of Rad50, a gene located within the Th2 locus but expressed constitutively in most cell types and under separate control than Il4, Il5, and Il13, was not affected in resting Ikaros null BMMCs (Figure 6F ). Taken together with the evidence of in vivo Ikaros binding to Il4 regulatory elements, these data demonstrate that Ikaros is specifically involved in regulation of the Il4 locus in MCs.
Ikaros controls Il4 expression at the chromatin level. To our knowledge, a direct mechanism by which Ikaros exerts its influence on the CD8a and λ5 loci has not been described previously (32, 33) . The increased Il4 expression observed in Ikaros null BMMCs could be indicative of an overall suppressive effect on chromatin acces-
Figure 3
Strain-specific differences in B6 versus Balb/c Il4 expression are evident after TLR stimulation. (A) TLR2 and TLR4 expression was confirmed in resting BMMCs by RT-PCR. (B and C) B6 (B) and Balb/c BMMCs (C) were stimulated with LPS, peptidoglycan (PGN), or M. tuberculosis (Myco; heat-killed) for the times indicated, and cytokine expression was determined as described in Figure 2B . Probes specific for the housekeeping genes GAPDH and ribosomal protein L32 served as controls for each sample.
sibility at the Th2 locus. Ikaros can associate with the higher order nucleosome remodeler and deacetylase (NuRD) complex containing histone deacetylase 1 (HDAC1) and HDAC2. Thus if Ikaros is acting to recruit HDAC activity to the Il4 locus, the lack of Ikaros expression was predicted to result in higher histone acetylation levels within the Th2 locus. As expected, acetylation of histones H3 and H4 was increased at most of the Th2 locus regulatory elements examined in Ikaros null BMMCs compared with Ikaros +/+ BMMCs ( Figure 7 ). Relative levels of histone acetylation at the Gapdh promoter were equivalent in both cell populations (data not shown). Thus Ikaros regulated the potential for Il4 expression in MCs by reducing chromatin accessibility at the Th2 locus.
Discussion
It is well accepted that cells of the innate immune system can profoundly influence the character of the adaptive immune response. There has been much speculation that MCs in particular can affect the type and magnitude of a T cell response through the elaboration of immunoregulatory cytokines or expression of co-stimulatory molecules (35, 36) . Most data supporting such a role have come from in vitro studies using long-term T cell and MC lines (35) . An underlying hypothesis of the present investigation was that strainspecific variations in MC IL-4 expression contribute to the genetically determined heterogeneity in Th responses. Several results of our study support this hypothesis. First, we showed that there were intrinsic differences in the ability of BMMCs, but not Th2 cells, derived from the B6, Balb/c, and SJL backgrounds to express IL-4. These differences were independent of the cell activation mode and correlated with distinct patterns of basal chromatin accessibility at the Th2 locus.
How could a variable pattern of accessibility within the Th2 locus be achieved that would give rise to distinct potentials for Il4 expression? A clue is provided by the observation that GATA and Ikaros, factors with apparent opposing activity at the Il4 locus, bound in vivo to regulatory elements of the Th2 locus. Notably, members of both of these families of transcription factors impact the development of specific cell lineages through their ability to modulate chromatin accessibility (37) (38) (39) . In Th2 cells, GATA3 is essential for Th2 differentiation and the events associated with Il4 locus opening (40) . This factor is thought to create and maintain an open chromatin state in resting T cells (41) , "poising" the locus for the interaction of inducible factors such as nuclear factor of activated T cells (NFAT) with their cognate sites upon cell activation (42) (43) (44) . GATA3 enhances gene expression by increasing histone acetylation, presumably through the recruitment of CBP/p300-like proteins containing histone acetyltransferase activity. GATA3 can also antagonize the recruitment of DNA methyltransferase-1 and methyl CpG-binding domain protein-2 to CNS-1 in Th2 cells, 2 factors that would otherwise mediate repression of locus accessibility (45, 46) . In MCs, GATA1 and GATA2 appear to play an analogous role to GATA3. However, while GATA2 is absolutely required for MC differentiation, a more predominant role in regulating gene expression in mature MCs has been assigned to GATA1 (39, 47) . Both factors associate with the Il4 IE in resting MCs and are necessary for main-
Figure 4
Histone acetylation at the Th2 locus in MCs correlates with strain-dependent differences in Il4 expression. (A) Diagram of the murine Th2 locus showing a subset of defined regulatory elements. P, promoter; I, intron. (B) The relative levels of histone H3 and H4 acetylation (Ac-H3 and Ac-H4, respectively) at Th2 regulatory elements in resting BMMC were analyzed by ChIP assays. Antibodies specific to diacetylated histone H3 (lysine residues 9 and 14 [K9/14]) or tetraacetylated histone H4 (K5/8/12/16) were used. Three-fold dilutions of IP samples were used in PCR reactions, whereas 1:10 and 1:50 dilutions were used for PCR amplification of total chromatin input (TC). Data are representative of 4 experiments using independently derived BMMC cultures. (C and D) Data was quantified using NIH Image -relative intensity was calculated as the ratio of IP template to total chromatin input. Relative intensities at least 2-fold greater than that of Balb/c samples are shown above bars (2×, 3×, etc.).
taining a demethylated DNA and acetylated histone chromatin state required for transcription (29) (30) (31) . Based on these previous studies, GATA family members are considered positive regulators of chromatin accessibility in both cell types.
In contrast, our data indicated that Ikaros exerts a negative influence on expression from the Th2 locus. Ikaros was first characterized as an integral component of chromatin remodeling complexes in cells of the lymphoid lineage. Mice containing a targeted deletion in Ikaros have profound defects in both B and T cell development (37) . The defined molecular targets of Ikaros have been limited to only 3 genes expressed during lymphoid cell development: CD8a, TdT, and λ5 (32, 33, 48) . Our study provides what we believe to be the first direct evidence that Ikaros is also involved in Il4 regulation. Not only did Ikaros associate with cis-regulatory elements of Il4, but Ikaros null MCs derived from (B6 × 129) F1 mice had dysregulated Il4 expression. The increased IL-4 mRNA and protein expression as well as elevated histone acetylation at CNS-1, V A E, and other sites observed in Ikaros null MCs confirms that this factor exerts a suppressive influence on Il4.
Ikaros was initially implicated in gene repression by virtue of its association with epigenetically silenced genes in pericentromeric heterochromatin (49) . In Th1 cells, CNS-1 was essential for the localization of Il4 to this nuclear compartment, an event that is associated with transcriptional blockade (16) . It is hypothesized that Ikaros mediates this process through direct effects on the CNS-1 element. As IL-4 mRNA expression was still observed in Ikaros +/+ MCs, it is likely that Ikaros acts to modulate rather than completely suppress overall potential for transcription. The negative role of Ikaros in chromatin remodeling is also assumed to be due, in part, to its ability to form complexes with NuRD (50). Ikaros's repressive action on Il4 transcription in MCs may be the result of targeting of NuRDassociated HDAC activity to relevant cis-regulatory elements.
Figure 5
GATA1, GATA2, and Ikaros associate with the cis-regulatory elements CNS-1 and VAE in vivo. (A) Genomic sequences of murine CNS-1 and VAE within the Th2 locus. Sequences were analyzed using TFSEARCH (62) , and putative binding motifs were identified. (B) GATA2, GATA1, and Ikaros proteins associated with CNS-1 and VAE. Chromatin samples isolated from resting B6, Balb/c, and SJL BMMCs were used for ChIP analyses using GATA1-, GATA2-and Ikaros-specific antibodies (G1, G2, and Ik, respectively). All samples within a particular set (antibodies, isotype, and total chromatin control) were analyzed at the same time using identical PCR conditions and electrophoresed on the same agarose gel.
Our data correlating chromatin accessibility with IL-4 expression potential in MCs reveals a possible parallel to mechanisms governing the regulation of this gene in Th cells. Several studies have documented that transcription from the Il4 locus in Th2 cells is a stochastic process whereby the probability of expression from either allele is associated with the degree of chromatin accessibility (27, 51, 52) . It is hypothesized that this process allows for a more flexible means of regulation and adds an additional level of control to cytokine gene expression. In Th cells, CNS-1 and V A E are the currently defined targets of probabilistic control, making them key determinants in regulating Il4 expression potential (27) . These same sites appeared to influence differential potential for MC Il4 expression. It will be of interest to determine whether there is variability at the single-cell level within MCs of a particular genetic background, as in Th2 cells (51) .
Based on our data, we propose a model whereby the integration of GATA and Ikaros signals, which can exert opposing effects on chromatin conformation, are responsible for distinct levels of accessibility at the Th2 locus (Figure 8 ). There are several possible scenarios. For example, Ikaros may be associated with relevant Il4 cis-regulatory elements in early myeloid-lymphoid progenitors and silence expression in these cells. During MC development, lineagespecific transcription factors such as GATA family members function as "pioneering" proteins to decompact the condensed chromatin and promote a cell lineage-specific gene expression profile (53) . The extent of GATA pioneering activity may be dependent on relative expression levels or activation states. Thus GATA2 may act as a pioneering factor for initial opening of the Il4 locus in early MC progenitors. Further accessibility leading to a strong Il4 transcriptional response may be mediated by GATA1.
The observed variability in chromatin accessibility between strains may be inherent to very early MC precursors and/or result from variations in signals downstream of IL-3 and SCF during in vivo and/or in vitro differentiation. Whereas signals delivered by IL-4 and antigens instruct locus opening in Th2 cells, MC growth factors IL-3 and SCF likely work in parallel fashion to affect remodeling during differentiation. Of note, both GATA1 and GATA2 have been implicated as essential transactivators downstream of IL-3 signaling (54) . Continued association of Ikaros with relevant elements may allow for a more adaptable locus that can readily alter chromatin accessibility depending on the cells' local microenvironment. This model does not purport that the binding of Ikaros or GATA at individual sites alone can control relative accessibility. Rather, it is the sum of interactions at multiple Th2 locus elements that is likely to dictate the high versus low expression potential. Other possible mechanisms contributing to genetically determined variability in accessibility at this locus could include differences in specific binding patterns of these and other factors, altered ratios of Ikaros to GATA binding, or expression of unique Ikaros isoforms that have distinct functional capabilities. It is also predicted that the interplay between the actions of GATA3 and Ikaros may influence chromatin accessibility in naive and differentiating CD4 T cells, leading to the extremes in expression potential in Th1/2 cells.
Using a MC knock-in model, we also demonstrated that MCs were required for an optimal antigen-specific IFN-g response by CD4 T cells. More importantly, MC-derived IL-4 was a critical cytokine for this response, supporting the idea that the variable MC IL-4 response in B6 versus Balb/c mice is physiologically relevant. We propose that in certain immune settings, the relatively high IL-4 response of B6 MCs leads to the Th1-dominated responses characteristic of this strain. Conversely, Balb/c MCs do not express sufficient IL-4 to drive a strong Th1 response and default to the Th2 pathway. While this interpretation appears somewhat paradoxical with respect to the conventional Th1/Th2 cell paradigm, these (2) . When present only during DC maturation, IL-4 induces an IL-12-producing DC1 phenotype promoting Th1 differentiation. If IL-4 is administered for longer periods and is present during T cell priming in the secondary lymphoid organs, a typical Th2-dominated response is generated. The ability of MCs to express IL-4 in response to a variety of stimuli and their close proximity to DCs in many tissues including the skin make them likely candidates to modulate DC function in inflammatory settings (55) .
There is some indirect evidence to support the idea that genes regulating IL-4 expression potential and chromatin accessibility influence disease heterogeneity. Genes controlling susceptibility to and IL-4 expression during L. major infection map to a number of loci, including L. major response 6 (Lmr6) . Located at the near end of chromosome 11, Ikaros is found within Lmr6 and is a candidate susceptibility gene (56, 57) . Our identification of Ikaros as a gene controlling Th2 cytokine production strengthens these findings. Teuscher and colleagues have also implicated this region in EAE disease severity (58) . Further investigations using mice with cell-specific targeted deletions of Ikaros may yield a better understanding of the role of Ikaros in these disease settings.
In summary, although the role of Ikaros is well defined in hematopoietic cell development, little is known about its function in the regulation of genes expressed during immune responses. Our finding that Ikaros was intricately involved in regulation of the Th2 locus in MCs reveals what we believe to be a novel and important role for Ikaros in regulating genes of mature effector cells. Our data also expand our current understanding of the molecular basis for genetically influenced heterogeneity in immune responses and reinforce the idea that MCs are critical regulatory/amplifying components of type 1 immune responses. Such information is critical for refining strategies for changing the class of an immune response, particularly in the setting of vaccine development.
Figure 8
GATA and Ikaros collaborate at the Th2 locus to govern Il4 expression potential. (A) Model proposing that Ikaros and GATA proteins -which can associate with Th2 locus cis-regulatory elements concurrently -competitively remodel the local histone state via the recruitment of HDAC or histone acetyltransferase (HAT) activity, respectively. (B) The combination of Ikaros and GATA binding to multiple sites within the Th2 locus, in addition to each factors' inherent ability to recruit suppressive (e.g., HDAC) versus activating (e.g., HAT) complexes, sets the potential for high, intermediate, or low Il4 expression in MCs derived from genetically disparate strains. In Th2 cells, relatively high GATA3 expression leads to efficient opening of the Th2 locus, resulting in a permissive chromatin state.
Figure 7
Ikaros regulates chromatin accessibility of the Th2 locus. (A) Th2 locus accessibility in Ikaros null BMMC was assessed by H3 and H4 acetylation using ChIP as in Figure  4 . Representative data for total chromatin input and isotype control is shown (CNS-1 primer set). Three-fold dilutions of IP samples were performed, whereas total chromatin input was analyzed using 1:10 and 1:50 dilutions. Data are representative of 3 assays using 2 independently derived MC cultures. (B and C) Relative acetylation of histones H3 (B) and H4 (C) were calculated as the ratio of IP template to total chromatin input. Relative intensities at least 2-fold greater than that of Ikaros +/+ samples are shown above the bars.
